Background: Cohesion between sister chromatids is fundamental to ensure faithful chromosome segregation during mitosis and accurate repair of DNA damage postreplication. At the molecular level, cohesion establishment involves two defined events, a chromatin binding step and a chromatid entrapment event driven by posttranslational modifications on cohesin subunits. Results: Here, we show that modification by the small ubiquitin-like protein (SUMO) is required for sister chromatid tethering after DNA damage. We find that all subunits of cohesin become SUMOylated upon exposure to DNA damaging agents or presence of a DNA double-strand break. We have mapped all lysine residues on cohesin's a-kleisin subunit Mcd1 (Scc1) where SUMO can conjugate. We demonstrate that Mcd1 SUMOylation-deficient alleles are still recruited to DSBproximal regions but are defective in tethering sister chromatids and consequently fail to establish damage-induced cohesion both at DSBs and undamaged chromosomes. Moreover, we demonstrate that the bulk of Mcd1 SUMOylation in response to damage is carried out by the SUMO E3 ligase Nse2, a subunit of the related Smc5-Smc6 complex. SUMOylation occurs in cells with compromised Chk1 kinase activity, necessary for known posttranslational modifications on Mcd1, required for damage-induced cohesion.
Introduction
Cohesion between sister chromatids is an important requirement to ensure their equal distribution to daughter cells during mitosis [1, 2] . Cohesion is largely dependent on proteinaceous bridges mediated by a protein complex named cohesin [1, 2] . In budding yeast, cohesins are targeted to pericentric and intergenic regions along chromosome arms, often referred to as cohesin-associated regions (CARs), but cohesion generation is restricted to S phase and requires DNA replication [3] . During the metaphase-to-anaphase transition, the regulated activation of the Esp1 protease (or separase) promotes cohesion dissolution through cleavage of cohesin's a-kleisin subunit Mcd1 (or Scc1) [4] . In addition to the cell cycle-regulated establishment of cohesion during S phase, the presence of DNA double-strand breaks (DSBs) during G2/M licenses cohesion generation. Postreplicative cohesion establishment in response to damage is required for efficient DNA repair because it favors recombinational repair between chromatids (sister chromatid recombination or SCR) [5] . After induction of a DSB, cohesin is recruited not only to domains flanking the break site [6, 7] but also to CAR sites across the genome [8, 9] . In vertebrate cells, cohesin also localizes to sites of DNA damage, as determined by fluorescence microscopy after laser-induced damage in S and G2 [10, 11] and by chromatin immunoprecipitation after site-specific DSB induction [12] . Cohesin loaded onto chromatin in response to damage requires a second step, here referred to as ''tethering step,'' to become cohesive. Tethering requires posttranslational modifications on the Mcd1 cohesin subunit. Phosphorylation of residue S83 in Mcd1 by the Chk1 kinase is an early event [13] . Deletion of Chk1 prevents damage-induced cohesion although cohesin is still competent to bind chromatin around DNA breaks in this mutant [13] . Mcd1 acetylation on residues K84 and K210 carried out by the conserved acetyltransferase Eco1 is also required for the tethering of sister chromatids [8, 9, 14] . Chk1 kinase phosphorylation activates Eco1-mediated acetylation of Mcd1 [14] . Indeed, an acetyl-mimicking mutation of K84 and K210 not only bypasses Eco1 requirement to establish damage-induced cohesion but also is the prerequisite of DNA damage to establish cohesion in G2/M [14] .
Additional factors have been described that regulate cohesion generation in the presence and absence of DNA damage; these include Wapl1, Pds5, and Scc3 [14, 15] . These factors form an antiestablishment activity that is antagonized by Eco1-mediated acetylation of lysines K112 and K113 in cohesin's subunit Smc3 during S phase [15] [16] [17] and lysines K84 and K210 in Mcd1 during DNA damage [14] .
Several cohesin subunits have been identified in screens of cellular small ubiquitin-like modifier (SUMO) substrates [18] [19] [20] [21] [22] . In yeast, SUMOylation has been reported in metaphase-arrested cells for Smc1 and Smc3 [23] . Human Mcd1 has also been shown to be a substrate whose SUMOylation is stimulated in vitro by the SUMO E3 ligase Nse2 [12] , a subunit of the Smc5-Smc6 complex [24, 25] . Smc5-Smc6 is a large essential complex constituted by eight subunits, which like cohesin becomes enriched at DSB-proximal regions [12, 26, 27] and is required for damage-induced cohesion [8] and efficient repair by sister chromatid recombination (SCR) [12, 26] . Work from mammalian systems is also consistent with the possibility that loading of cohesin to DSB regions depends on Smc5-Smc6 function [12] . A model where cohesin recruitment to DSBs depends on Smc5-Smc6 is particularly attractive because it would provide an elegant explanation for the striking similarity of the observed DSB repair defects in mutants of both complexes [5, 12, 26] . The molecular mechanism could involve Nse2-dependent SUMOylation of cohesin subunits as a requirement for damage-induced cohesion because Nse2 has been shown to affect cohesin and condensin SUMOylation in the absence of DNA damage [23] . However, neither the physiological role of cohesin SUMOylation nor a direct link in vivo between Nse2 activity in DNA damage and cohesin SUMOylation has been shown.
Here we demonstrate that cohesin SUMOylation is tighly linked to DNA damage. DNA double-strand breaks cause increased SUMOylation of the entire cohesin complex. We find that the SUMO E3 ligase Nse2 is responsible for the majority of cohesin SUMOylation in the presence of DNA damage but that Siz1 and Siz2 E3 ligase are also able to modify cohesin. We show that Mcd1 is mono-SUMOylated at a number of lysine residues in the C-terminal region, and by using a SUMOdeficient allele of Mcd1, we reveal the functional significance of this posttranslational modification during damage-induced cohesion.
Cohesin Is SUMOylated in the Presence of DNA Damage DNA damage induces an upregulation of cellular SUMOylation ( Figure S1 available online), affecting many replication and repair proteins [28] . We set out to investigate whether cohesin is also differentially modified by SUMO in response to DNA damage. Posttranslational modifications on Mcd1 are key for the generation of cohesion after DNA damage [13, 14] , so we therefore focused our attention on this cohesin subunit. We tagged Mcd1 C-terminally with 9-myc epitopes and followed its mobility after SDS-PAGE and western blotting in cells exposed to the DNA damage agent methyl methanesulfonate (MMS). We observed the appearance of a number of high-molecular-weight bands on Mcd1 in the MMS-treated samples (Figure 1A) . The mobility shift was consistent with what has been previously observed for proteins SUMOylated in response to DNA damage [28] . Next, we tagged Smt3 (S. cerevisiae homolog of SUMO) at its N terminus with a His6 tag and performed pull-down experiments to test whether the high-molecular-weight bands on Mcd1 were due to SUMOylation. We found that up to four high-molecularweight bands on Mcd1 were specifically pulled down in the presence of His-tagged Smt3 and DNA damage; we refer to these as Mcd1-SUMO conjugates ( Figure 1B ; SUMO conjugates). We found that full-length (assumed to be unmodified) Mcd1 bound weakly to the columns under all conditions (Figure 1B ; unmodified) demonstrating comparable specificity in the pull-downs. SUMO is conjugated to lysine residues on substrate proteins, and therefore the presence of lysine residues in the 9-myc tag (myc epitope -EQKLISEEDL-) could potentially contribute to SUMOylation of Mcd1-9myc.
To rule out this possibility, we tagged Mcd1 with a 3-HA tag (HA epitope -YPYDVPDYA-), which does not contain lysine residues, and investigated the pattern of bands on histidine pull downs in the presence and absence of MMS. Similar to what we observed in our experiments with Mcd1-9myc, we could detect up to three/four bands for Mcd1-SUMO conjugates ( Figure 1C ). We found that HA antibodies unspecifically recognized a 111 kDa band in the pull downs ( Figure 1C ; unspecific). We did not observe Mcd1-SUMO conjugates when the E2 SUMO conjugating enzyme Ubc9 was inactivated with the temperature-sensitive allele of this enzyme, ubc9-1 ( Figure S2 ). Collectively, these results show that Mcd1 is SUMOylated upon exposure to MMS. Next we sought to determine whether the Smc subunits in the tripartite cohesin complex are also modified. We followed the same experimental strategy and used myc-tagged versions of Smc1 and Smc3 in His-Smt3 strains. Like Mcd1, we detected Smc1 and Smc3 SUMOylation upon MMS treatment ( Figures 1D and 1E) . Therefore, we conclude that the cohesin tripartite complex, Smc1-Smc3-Mcd1, becomes SUMOylated in the presence of MMS.
A Single DNA Double-Strand Break Promotes Cohesin SUMOylation Our findings show that cohesin is SUMOylated when cells are exposed to MMS ( Figure 1 ). Next we investigated whether treatment with the DNA damage agent hydroxyurea (HU) caused a similar upregulation of cohesin SUMOylation as we had observed for MMS. We detected very little Mcd1 SUMOylation in HU compared to MMS (Figure 2A ). We found comparable low levels of Mcd1-SUMO conjugates in asynchronous cell populations or, as previously reported for Smc1 and Smc3 [23] , upon treatment with the microtubule poison nocodazole ( Figure 2A ). However, the levels of Mcd1-SUMO in MMStreated cells are drastically greater than any of the other treatments ( Figure 2A ). MMS causes multiple DNA DSBs during replication [30] and because cohesin is recruited de novo to DSB-proximal regions and CARs genome-wide to establish new cohesion after DSB induction [8, 9] , we decided to investigate whether DNA DSBs caused the upregulation of Mcd1 SUMOylation. To this aim, we used the site-specific HOendonuclease system regulated by the galactose-inducible promoter GAL1-10 [29] to create a chromosomal DSB on the MAT locus in strains lacking donor sequences, which causes the break to be irreparable. HO expression is induced by addition of galactose to cells grown on lactate or raffinose [31] . We found that expression of HO (and the consequent induction of the MAT-DSB) led to enrichment of Mcd1 and Smc1 SUMO conjugates in the pull downs ( Figure 2B ), demonstrating that a single DNA break is sufficient to promote high levels of cohesin SUMOylation in the cell.
Mcd1 SUMOylation Does Not Require Chk1-Mediated Phosphorylation
Next we decided to test whether Mcd1 SUMOylation is downstream of other damage-specific posttranslational modications known for this protein. Cohesion establishment requires Eco1-dependent acetylation of Mcd1 on lysines 84 and 210 [14] , which is triggered by prior phosphorylation on serine 83 by the checkpoint kinase Chk1 [13, 14] . Therefore, chk1D cells cannot establish damage-induced cohesion [14] . We found that Mcd1 was similarly SUMOylated in pull downs from wild-type and chk1D cells exposed to MMS ( Figure S3 ), demonstrating that Mcd1 SUMOylation is not downstream of Chk1-dependent phosphorylation and consequently Eco1-mediated acetylation.
Nse2 Is Responsible for Bulk Mcd1 SUMOylation upon DNA Damage
The SUMO E3 ligase Nse2 (Mms21) [24, 25, 32] is responsible for the modification of Smc1 and Smc3 in nocodazole-arrested cells [23] . Nse2 is a subunit of Smc5-Smc6, a cohesin-related complex that is also recruited to DNA DSBs [12, 26, 27] , and, like cohesin, promotes repair by enforcing homologous recombination between chromatids [12, 26] . We sought to investigate whether Nse2 is also responsible for the dramatic increase in Mcd1 SUMOylation in response to MMS treatment. To this aim, we investigated Mcd1 SUMOylation in a genetic background where the E3 ligase activity of Nse2 had been abolished by deletion of the RING domain nse2DC [24] . Mcd1-SUMO conjugates were drastically decreased in nse2DC cells ( Figure 2C ), but deletion of the SUMO E3 ligases Siz1 and Siz2 also compromised Mcd1 SUMOylation (Figure 2C ). Because siz1D and siz2D cells contain functional Nse2, we conclude that although Nse2 activity seems responsible for the bulk of Mcd1 SUMOylation, all three ligases functionally contribute to the modification of Mcd1.
Nse2 Ligase Activity Is Required for Damage-Induced Cohesion
The observation that bulk Mcd1 SUMOylation is significantly reduced in nse2DC cells ( Figure 2C ) prompted us to investigate whether nse2DC cells are competent to establish cohesion in response to DNA damage. First we tested whether Mcd1 recruitment to DSB-proximal regions is intact in nse2DC by using the site-specific HO-endonuclease system [29] in nse2DC cells expressing Mcd1-6HA. We performed chromatin immunoprecipitation (ChIP) to reveal Mcd1 enrichment around the DSB on the MAT locus in wild-type and nse2DC cells (Figure 3A) . As expected from previous studies [6, 7] , Mcd1 was enriched on the flanking regions of the DSB sites in wild-type cells ( Figure 3A) . In contrast, we observed a reduction of Mcd1 binding in nse2DC ( Figure 3A ) but the enrichment was significantly higher than Mcd1 levels around the site before the break ( Figure 3A) . A comparable reduction in Mcd1 recruitment to DSB-proximal regions was observed when the conditional allele of SMC6, smc6-9, was used to inactivate Smc5-Smc6 function ( Figure 3A) . Next, we sought to determine whether the reduced pool of Mcd1 recruited to DSB regions in nse2DC and smc6-9 cells was able to tether chromatids after DSB induction. To this aim, we employed the damage-induced cohesion assay developed by D. Koshland and colleagues, which allows the measurement of cohesion generated in response to DSBs [9] ( Figure 3B ). In this assay, Mcd1 is expressed from the GAL1-10 promoter in a strain carrying a chromatin-based GFP-marked tag on a chromosome flanked by two recognition sites for the HO endonuclease ( Figure 3B ). Expression of HO, also from the GAL1-10 promoter, in metaphase-arrested cells, generates a chromatin fragment whose cohesion can be analyzed microscopically ( Figure 3B ). Importantly, cohesion generated during S phase is dissolved upon DSB induction by temperature shift as cells carry the Mcd1 thermo-sensitive allele mcd1-1 ( Figure 3B ). Cohesion generated as a consequence of the DSBs is thus evaluated by comparing cohesion loss in cells with different genetic backgrounds expressing wild-type MCD1 (GAL-MCD1) ( Figure 3B ). Cohesion was established when cells expressed GAL-MCD1 upon DSB induction ( Figure 3C ). However, increased cohesion loss was present in nse2DC and smc6-9 cells (Figure 3C ), demonstrating that in these genetic backgrounds, damage-induced cohesion is defective.
Mapping Mcd1 SUMOylation Sites
The observation that nse2DC cells have reduced levels of Mcd1-SUMOylation ( Figure 2C ) and are defective in the tethering of sister chromatids in response to DSBs ( Figure 3C ) raises the possibility that Mcd1 SUMOylation is necessary for damage-induced cohesion. However, Mcd1 is still SUMOylated by Siz1 and Siz2 upon damage ( Figure 2C ), so other explanations are also plausible. For instance, recruitment of the Smc5-Smc6 complex to DSB regions might be a prerequisite for cohesin tethering independently of Mcd1 SUMOylation, or Smc5-Smc6 might provide cohesin-independent cohesion at breaks, thus explaining the defect on damage-induced cohesion in nse2DC and smc6-9 cells (Figure 3C) . Therefore, to directly test whether Mcd1 SUMOylation is required for damage-induced cohesion, we set out to generate Mcd1 alleles that cannot conjugate to SUMO. To this aim, we decided to map SUMO acceptor lysines on Mcd1.
During our analyses, damage-induced Mcd1 SUMOylation appeared as a ladder of bands ( Figure 1A ). This pattern could be indicative of a polySUMO chain (where SUMO conjugates to conjugated SUMO) conjugated to a single site, multiple monoSUMO conjugated at several sites, or a combination of the two. To differentiate between these possibilities, we expressed a mutant allele of yeast SUMO (Smt3), Smt3-KR, where all the lysine residues had been mutated to arginine to prevent the formation of polySUMO chains [33] . This mutant allele was expressed as the only source of cellular Smt3. The pattern of Mcd1 conjugates by Smt3-KR modification was similar to that found for Smt3 molecules able to form polySUMO chains ( Figure S4) , and therefore the ladder of SUMO bands on Mcd1 upon DNA damage must be due to monoSUMOylation at several acceptor lysines.
Chrm. III Cohesion loss (%)
Lysine to arginine substitutions at sites predicted as potential SUMO acceptor residues by various software packages (such as K345, SUMOsp 2.0) yielded no alteration of the Mcd1 SUMOylation ladder (data not shown). In fact, when we attempted substitution of each lysine residue on Mcd1 to arginine, the pattern of Mcd1-SUMO conjugates remained unaltered for each mutant (data not shown). Therefore, SUMOylation on different lysines must be redundant in Mcd1. To circumvent this problem, we devised a novel approach to identify conjugation sites. We substituted all lysine residues in Mcd1 for arginine, creating an allele that we refer to as Mcd1-KR ( Figure 4A ). As expected, we found that Mcd1-KR is not SUMOylated in response to DNA damage ( Figures 4A and 4B) . We divided the MCD1 open reading frame in three sections (A, B, C) ( Figure 4A ) and used wild-type and KR Mcd1 to generate alleles where one or more of these sections contained lysine residues substituted with arginine ( Figure 4A ). This allowed us to rule out conjugation on lysines at the N-terminal region of Mcd1 (section A) ( Figure 4A ). Having identified that SUMO acceptor lysines were located in sections B and C, which contain 22 lysines in total, we used the Mcd1-KR mutant to individually restore the lysine that had been previously substituted with an arginine (Figures 4B-4D) . Therefore, the resulting alleles contained a single lysine residue in Mcd1 and hence provided us with the opportunity to test whether each lysine could act as an acceptor site when present in the protein ( Figure 4B ). Most of the mutant alleles containing a single lysine, such as Mcd1-KR-(R319K), which is not a SUMO conjugation site ( Figure 4B ), were able to complement the temperature-sensitive mutant allele of Mcd1, scc1-73, when expressed from the GAL1-10 promoter ( Figure 4C ) but exhibited sensitivity to DNA-damaging agents, particularly MMS ( Figure 4C ). We detected SUMO conjugation in Mcd1-KR alleles containing lysines 165, 252, 290, 345, 391, 392, 394, 460, 500, 509, or 521 ( Figure 4D ) only. The level of SUMOylation varied. Lysines 165, 290, and 460 were all strongly SUMOylated ( Figure 4D ). We therefore generated a Mcd1 allele where these three lysines were substituted to arginine (Mcd1-K165, 290, 460R) as well as an allele where all SUMO-accepting lysines identified in our analysis were substituted to arginine.
Next we tested damage-induced SUMOylation in the mutant alleles. We found that Mcd1-K165, 290, 460R K exhibited only minor reduction of SUMOylation levels ( Figure 4E ) whereas SUMOylation was prevented when all lysines residues identified as potential conjugation sites were mutated to arginine ( Figure 4E) ; therefore, we named this allele Mcd1-SD (SUMOylation deficient). Interestingly, Mcd1 SUMOylation was restored when we added back a single lysine to Mcd1-SD (Mcd1-SD-R460K) ( Figure 4E ), demonstrating a high redundancy for conjugation in SUMOylation of different lysines on Mcd1.
Mcd1 SUMOylation Is Required for the Establishment of Damage-Induced Cohesion
We used the Mcd1-SD mutant to test whether Mcd1 SUMOylation is required for damage-induced cohesion. We found that Mcd1-SD fully rescues the lethality of the Mcd1 thermosensitive allele scc1-73 when expressed under the GAL1-10 promoter ( Figure 5A ) but exhibits slow growth under its own promoter ( Figure 5B) . Consistent with the complementation assays, we found that Mcd1-SD was able to provide cohesion in undamaged cells when expressed under the GAL1-10 promoter ( Figure 5C ) but showed defects when expressed from its own promoter ( Figure 5C ). This is consistent with a role for cohesin SUMOylation in the establishment of cohesion in the absence of DNA damage, reported in this issue of Current Biology [34] . Mcd1-SD was sensitive to MMS even when expressed under GAL1-10 ( Figure 5D ), demonstrating that Mcd1 SUMOylation is particularly critical for cells in the presence of DNA damage.
Next, we investigated whether Mcd1-SD was recruited to DSB proximal regions. To this aim, we used the site-specific HO-endonuclease system [29] in scc1-73 cells expressing wild-type Mcd1 or Mcd1-SD from the GAL1-10 promoter (Figure 5E ). Reduced levels of binding flanking the MAT DSB were observed for the Mdc1-SD allele ( Figure 5E ). We extended our ChIP analysis to a CAR site on chromosome V [35] . Similarly to what we found for the MAT DSB region, Mcd1-SD recruitment to the CAR site upon DSB formation was reduced compared to wild-type Mcd1 ( Figure 5F ). Next, we sought to determine whether recruited Mcd1-SD was able to tether chromatids after DSB induction on undamaged chromosomes as well as around the MAT DSB. To this aim, we employed the damageinduced cohesion assay described earlier [9] (Figure 6A ). Cohesion generated as a consequence of the DSBs was evaluated by comparing cohesion loss in cells expressing no MCD1, wild-type MCD1, or MCD1-SD ( Figure 6A ). Consistent with the reduced association to DSB sites ( Figure 5E ), Mcd1-SD exhibited cohesion loss similar to that observed in the absence of Mcd1 ( Figure 6B ). Similar defects were seen when we assayed cohesion establishment on undamaged chromosomes [9] (Figure 6C ). We conclude that blocking cohesin SUMOylation specifically prevents the tethering step during cohesion establishment. 
Discussion
Cohesin is an important component of interphase and mitotic chromosomes. Yeast cohesin mediates sister chromatid cohesion and plays a crucial role in genome integrity during the repair of DNA lesions in the late S and G2 phases of the cell cycle. The role of cohesin during DSB repair is anticipated to be the provision of physical proximity between chromatids to promote a bias toward the use of sister chromatid DNA as the donor sequences during recombinational repair (HR). Therefore, cohesin's presence forces mending of the lesion in an error-free manner with sister sequences by restricting repair with homologs or disperse repetitive sequences elsewhere in the genome, which could lead to loss of heterozygosity, translocations, or internal deletions.
We now enjoy significant understanding of how cohesin function is regulated in response to DNA damage. The first important discovery was the realization that that sister DNA proximity during repair of DNA DSBs is ensured by de novo establishment of cohesion at the site and not repair-independent cohesion generated during S phase [6, 7] . An unexpected result was the realization that DSBs also promote cohesion establishment across the genome [8, 9] . This suggested that cohesion generation in G2/M occurred as a consequence of a regulated global change. Indeed, it was later demonstrated that this involved two sequential steps, an initial binding of cohesin at DSB-proximal sites and CAR sites genome-wide followed by a second tethering step that made loaded cohesin cohesive. The establishment of damaged-induced cohesion was also demonstrated to involve activation of the acetyltransferase Eco1 in G2 [8, 9] . At the molecular level, the relevant target of Eco1 was shown to be Mcd1's residues K84 and K210 [14] , and a phosphorylation prerequisite for Eco1 function was also unveiled involving phosphorylation of Mcd1's residue S83 by the Chk1 kinase [13] . These findings demonstrated that cohesion generation in response to DNA damage can be regulated by posttranslational modifications of cohesin's Mcd1 subunit.
In addition to phosphorylation and acetylation, subunits of the cohesin complex had also been shown to be subject to modification by SUMO [12, 23] . In yeast, metaphase arrest promotes Smc1 and Smc3 SUMOylation and this modification was linked to stability of ribosomal gene repeats [23] . Here we have shown that all cohesin subunits are indeed SUMO substrates. We observed dramatic upregulation of SUMO conjugation to cohesin subunits after treatment with MMS or induction of DSBs (Figures 1, 2A, and 2B ). This demonstrates that, as has been the case for other proteins involved in DNA repair (including PCNA and Rad52) [36, 37] , SUMOylation of cohesin is linked to its repair role.
SUMOylation of human Mcd1 was shown to be dependent on the SUMO E3 ligase Mms21/Nse2 [12] . This prompted us to test whether this dependency was conserved in yeast. This possibility was particularly appealing because Nse2 is a subunit of the Smc5-Smc6 complex, a cohesin-related complex that is also recruited to DSBs [12, 26, 27] and that is required for recombinational repair between sister chromatids [12, 26] . Moreover, Smc5-Smc6 has been shown to contribute to DNA damage-induced cohesion [8] . Our results demonstrated that the bulk of Mcd1 SUMOylation is indeed dependent on Nse2 ( Figure 2C ) and that cohesin recruitment to DNA DSBs is reduced in cells lacking the E3 ligase activity of Nse2, nse2DC ( Figure 3A) , as well as in the conditional mutant smc6-9 ( Figure 3A) . We also found that damage-induced cohesion is deficient in nse2DC and smc6-9 cells (Figure 3C ), raising the possibility that either the cohesin recruitment or tethering steps (or both) during damage-induced cohesion might require SUMOylation by Nse2, possibly acting on Mcd1 and other cohesin subunits. However, our finding that Siz1 and Siz2 SUMO E3 ligases also contributed to Mcd1 SUMOylation raised questions regarding a direct link between Nse2 and Mcd1 SUMOylation, because we could not rule out that the cohesion defects in Nse2 mutants were caused by lack of SUMOylation in targets other than cohesin (for instance Smc5-Smc6 core subunits) also required for cohesion establishment in the presence of DNA damage. We thus embarked on a full characterization of SUMO conjugation sites on Mcd1 (Figure 4) . SUMO modification can occur on the consensus motif, c K X E/D, which is the Ubc9 interaction site. However, this motif also occurs in many proteins that are not SUMO targets and many SUMOylation events occur on lysines not in a consensus motif. Prediction software suggested four potential nonconsensus SUMO sites on Mcd1 (K105/252/345/521), but mutation of these lysines (or any other lysine residue on the protein) had no effect on the ladder of Mcd1 SUMO conjugates. To narrow down the regions on Mcd1 where the majority of the potential conjugation sites reside, we employed a strategy that involved the generation of an Mcd1 allele where all lysine residues were changed to arginine (Mcd1-KR) and used it to generate alleles where sections of the protein were devoid of lysines (Figure 4A ). This demonstrated that SUMO conjugation sites are located on the C-terminal region of Mcd1. We proceeded to map these sites by adding individual lysines back to Mcd1-KR and analyzing whether SUMO could conjugate to these residues ( Figure 4D ). The strategy allowed us to identify 11 conjugation sites. However, we observed that Mcd1 is preferentially modified at K165, 290, and 460 ( Figure 4D ). Mutation of these three sites yielded only a minor reduction in Mcd1 SUMOylation ( Figure 4E ). Mutation of all the 11 sites identified (Mcd1-SD) prevented Mcd1-SUMOylation completely ( Figure 4E ). Interestingly when we added one of the 11 lysines back to the SUMO-deficient Mcd1 (Mcd1-SD-R460K), SUMOylation was restored ( Figure 4E ), demonstrating a high degree of redundancy for the conjugation site. We also found that expression of Mcd1-KR exhibited dominant-negative effects when expressed in wild-type or scc1-73 ( Figure 4C ), but addition of just one lysine in the protein, as in the case of lysine 319 that is not a SUMO conjugation residue, was sufficient to eliminate the dominantnegative effect and surprisingly to complement the lethality of scc1-73 ( Figure 4C ). However, these cells were sensitive to DNA damage, particularly that caused by MMS ( Figure 4C) , consistent with the idea that Mcd1 SUMOylation plays a key role in conditions were DNA is damaged. Importantly, we cannot rule out some effects resulting from modification of some of these SUMO-accepting lysines by other modifications like acetylation. Viability assays via the Mcd1-SD mutant, deficient in Mcd1 SUMOylation, confirmed the role of this modification in DNA damage ( Figure 5D ). Mcd1-SD recruitment to DNA DSBproximal sites and CAR sites genome-wide was reduced ( Figures 5E and 5F ) and damage-induced cohesion (tethering step) was defective at DSB-proximal sites ( Figures 6A and  6B ) and undamaged chromosomes ( Figure 6C ), demonstrating that Mcd1 SUMOylation is critical for the establishment of damage-induced cohesion.
Our data are in agreement with a possible model where cohesin recruitment and/or cohesin-dependent tethering of chromatids involves, at least in part, the Smc5-Smc6 complex E3 ligase activity. Recent evidence indicates that Smc5 and Smc6 might bind ssDNA intermediates produced during repair [38] , and this could potentially explain the mechanism by which Smc5-Smc6 complex is first recruited to damage sites to subsequently act on cohesin, although the mechanism for CAR sites would not be explained.
Interestingly, cohesion defects were observed for cells expressing Mcd1-SD during unperturbed S phase at endogenous levels ( Figure 5C ). These defects were rescued when Mcd1-SD was overexpressed with the GAL1-10 promoter (Figure 5C ). Presently, we cannot rule out whether Mcd1 (or other cohesin subunits) are SUMOylated during unperturbed cell cycles and whether such modifications contribute to the establishment of cohesion in S phase, as reported in this issue of Current Biology [34] . These are important questions for the future. In summary, our work demonstrates that cohesin complex becomes extensively SUMOylated in response to DNA damage and that SUMOylation of Mcd1 is critical for the establishment of damage-induced cohesion genome-wide.
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